Background: To our knowledge, the effect of kidney function on successful aging has not been examined.
78 mL/min/1.73 m 2 , respectively (to convert cystatin C to nanomoles per liter, multiply by 75; and to convert creatinine to micromoles per liter, multiply by 88.4). A total of 873 participants reached a first event in followup, 138 because of cognitive disability, 238 because of physical disability, 34 because of chronic obstructive pulmonary disease, 146 because of cancer, and 317 because of cardiovascular disease. The adjusted percentage reduction in successful life years in the highest vs the lowest quartile of cystatin C was 27% (95% confidence interval, 11%-39%). The highest vs lowest quartile of cystatin C also was independently associated with incident cognitive or physical disability (hazard ratio, 1.39; 95% confidence interval, 1.00-1.98).
Conclusion:
A higher cystatin C level, even within a range of relatively normal kidney function, was associated with unsuccessful aging.
Arch Intern Med. 2008; 168(2) : [147] [148] [149] [150] [151] [152] [153] E LDERLY PERSONS ARE THE fastest-growing subset of the US population, and ageassociated increases in chronic disease and disability have led to a significant financial burden on health care. 1 At the opposite end of the spectrum from disability is successful aging. Although there is no universally accepted definition of successful aging, one commonly used definition includes aging with lack of physical or cognitive impairment and without the development of major life-threatening chronic diseases. 2, 3 Unsuccessful aging is not inevitable, and evidence suggests that the aging process may be modified. 4 The evaluation of risk factors for unsuccessful aging, in particular those that may be preventable, is, therefore, an important avenue of research.
Kidney function is known to decline with age; however, this age-related de-cline is highly variable 5 and some older individuals have little change in kidney function while others have a rapid decline. Kidney dysfunction, as ascertained by elevated creatinine level, is also associated with inflammation and subclinical cardiovascular disease (CVD), 6, 7 2 factors that may promote unsuccessful aging; therefore, kidney dysfunction may be associated with unsuccessful aging.
A new serum measurement of kidney filtration, cystatin C, has allowed an advance in our understanding of the impact of kidney function on age-related health. Cystatin C is a cysteine proteinase inhibitor that is produced by nearly all human cells and released into the bloodstream, from which it is freely filtered by the kidney glomerulus and metabolized by the proximal tubule. 8 Although the relative contribution of factors other than glomerular filtration rate (GFR) to serum cystatin C concentrations remains to be determined, the association of serum cystatin C with GFR seems to be independent of age, sex, and muscle mass, in contrast to serum creatinine. [9] [10] [11] [12] Whereas elevated serum creatinine levels detect only the small subset of elderly individuals with the most impaired kidney function who are at increased risk for CVD, cystatin C has a linear association with clinical CVD. 13, 14 The goal of this analysis was to evaluate the association of kidney function, as ascertained by cystatin C, with maintenance of successful aging in the Cardiovascular Health Study (CHS), a community cohort of older adults (aged Ն65 years).
METHODS
The CHS is a community-based longitudinal study of adults who were 65 years or older at baseline. The objective of the study was to evaluate risk factors for the development and progression of CVD. 15 A main cohort of 5201 participants was recruited between June 10, 1989, and May 30, 1990 , from 4 US communities (Sacramento County, California; Forsyth County, North Carolina; Washington County, Maryland; and Allegheny County, Pennsylvania). 16 An additional 687 African American persons were recruited November 17, 1992 , through June 11, 1993 . Eligible participants were sampled from Medicare eligibility lists in each area. Subjects were excluded if they were institutionalized, required a proxy, were unable to provide informed consent, were planning to move out of the area within 3 years after recruitment, required a wheelchair in the home, were receiving hospice care, or were undergoing radiation or chemotherapy for cancer. Follow-up interviews for events were conducted semiannually at annual examinations and through interim 6-month telephone calls.
Institutional review board approval for the data collection procedures of the CHS was obtained at each of the 4 clinical sites and at the Data Coordinating Center (University of Washington). In addition, institutional review board approval for this study was obtained from Tufts-New England Medical Center.
DEFINITION OF SUCCESSFUL AGING
Maintenance of successful aging was defined as in prior studies and included remaining free of 3 major classes of disease (incident cancer, CVD, and chronic obstructive pulmonary disease [COPD]) and without a persistent physical disability or cognitive impairment. 2, 3 Because the goal of this analysis was to assess the risk of incident unsuccessful aging, we excluded participants with prevalent clinical CVD (n = 1316), COPD (n=424), cancer (n=464), cognitive impairment (n=243), or physical disability (n=147) at baseline.
MEASUREMENT OF CYSTATIN C
Cystatin C was measured from frozen samples that were collected at the 1992 to 1993 visit of the CHS. Assays were performed on fasting samples that were stored at −70°C. Cystatin C was measured by using a BNII nephelometer (Dade Behring, Inc, Deerfield, Illinois) with a particle-enhanced immunonephelometric assay (N Latex Cystatin C; Dade Behring, Inc). 17 Polystyrene particles were coated with monoclonal antibodies to cystatin C that agglutinate in the presence of antigen (cystatin C) to increase the intensity of scattered light. The increase in scattered light is proportional to the amount of cystatin C in the sample. The assay range is from 0.195 to 7.330 mg/L (to convert to nanomoles per liter, multiply by 75); the reference range for young healthy persons is from 0.53 to 0.95 mg/L. 18 The intra-assay coefficient of variation ranges from 2.0% to 2.8%, and the interassay coefficient of variation ranges from 2.3% to 3.1%. Among 61 healthy persons with 3 cystatin C measurements during a 6-month period, the intraindividual coefficient of variation was 7.7%. 13 
COVARIATES
Candidate covariates included demographic characteristics (age, sex, and race); traditional cardiovascular risk factors (hypertension, systolic and diastolic blood pressure, body mass index, smoking [former vs never and current vs never], diabetes mellitus [defined by use of an oral hypoglycemic agent or insulin or a fasting glucose level of Ն126 mg/dL {to convert to millimoles per liter, multiply by 0.0555}], and fasting levels of low-density lipoprotein cholesterol and high-density lipoprotein cholesterol); novel risk factors (C-reactive protein, hemoglobin, albumin, fibrinogen, and insulin levels); noninvasive tests of subclinical vascular disease (ankle-arm index [AAI] of Ͻ0.9, left ventricular hypertrophy on electrocardiography, and common and internal carotid intima-media thickness by ultrasonography); and a measure of lung function (forced expiratory volume in the first second of expiration).
OUTCOMES
Incident CVD was defined as angina, myocardial infarction, a cardiac revascularization procedure, congestive heart failure, stroke, or a transient ischemic attack.
Incident cancer was defined by hospitalization with a diagnosis of cancer using any International Classification of Diseases, Ninth Revision (ICD-9) discharge code identifying cancer other than nonmelanotic skin cancer.
Incident COPD was defined using hospital discharge codes 491, 492, and 493 for bronchitis, emphysema, and asthma, respectively.
Physical disability was ascertained using annual telephone or clinic interviews to determine the presence or severity of selfreported difficulty with 1 or more of 6 activities of daily living, including walking around the home, getting out of bed, eating, dressing, bathing, or using the toilet. 15, 19 Physical disability was defined as self-report of difficulty with any activity of daily living on 2 consecutive clinic visits or a single activity of daily living difficulty in a participant who subsequently died or was lost to follow-up.
Incident cognitive impairment was ascertained using annual telephone or clinic interviews to determine whether results on a clinic-administered cognitive function test indicated cognitive impairment. Cognitive impairment was defined according to previous criteria 2,20 as a score lower than 80 on the 100-point modified Mini-Mental State Examination (MMSE) 21 on 2 consecutive visits or lower than 80 on a single visit in a person with no follow-up measures on the MMSE. Consecutive visits are defined as 2 visits with data; for example, if a participant missed year 7, then years 6 and 8 would be considered consecutive for that participant. The date of decline is defined as the first of the 2 consecutive visits recording decline, to allow consistency for participants who declined at one visit but had no subsequent data. Both baseline MMSE score and decline in MMSE score in follow-up are associated with incident dementia; therefore, the outcome variable is clinically important. 22 The last day of follow-up for this analysis was June 30, 1998, for hospitalizations and June 30, 1999, for clinic visits to allow for ascertainment of cognitive or physical disability through June 30, 1998.
STATISTICAL ANALYSES
We compared the distribution of potential covariates by quartiles of cystatin C. P values for linear trend across the quartile were calculated. Covariates were selected as candidates for multivariate analysis based on their potential to confound the association of cystatin C with successful aging. Candidate covariates for adjustment (previously listed) were retained in the final models if they modified the coefficient of cystatin C by 5% or more. Several other variables were forced into the models based on their known association with successful aging: age, sex, race, body mass index, smoking, C-reactive protein level, forced expiratory volume in the first second of expiration, common and internal carotid intima-media thickness, and hemoglobin level. Baseline MMSE was also included in the models because it intuitively predicts a future MMSE score of less than 80. 22 An accelerated failure time model was used to evaluate the percentage reduction in successful years experienced by a participant with higher cystatin C levels compared with those with lower levels. 23 In an accelerated failure time model, the parameter coefficients are interpreted as acting multiplicatively over time. Thus, the parameter reflects the rate of decline in successful life years. The ␤ coefficients estimated from this model were converted to the percentage difference in time of successful life years through the following equation: (e ␤ -1)ϫ100%. For a dichotomous variable, the exponential of the parameter estimate gives an estimate of expected successful life expectancy for persons with vs those without the characteristic. For continuous variables, this value indicates the percentage difference in (speed [or delay]) life expectancy time associated with a 1-U increment in the explanatory variable. For categorical variables, this value represents the percentage difference in (speed [or delay]) life expectancy for each level compared with the reference level. Positive values imply longer successful life expectancy years, and negative values imply shorter life expectancy. Deaths were censored as neutral in these analyses.
Analyses were performed using cystatin C as a continuous variable (per standard deviation change in cystatin C) and by quartile of cystatin C. Because there are no accepted cut points for cystatin C, we chose quartile cut points because they are relatively unbiased and frequently used in the medical literature. We also fitted a smooth function of cystatin C via splines using the accelerated failure model with a Weibull distribution. The middle 95% of the range is shown in this figure because outliers have a powerful influence on the shape of the spline. We then predicted the expected successful years of life using these estimates of the regression coefficients and the range of cystatin C from the original data.
DISABILITY ANALYSIS
Because our prior work has shown an association of cystatin C and CVD, a component of the composite outcome, we also evaluated a successful aging outcome that did not contain CVD. We analyzed cystatin C with incident cognitive impairment and physical disability using Cox proportional hazards analyses. In these analyses, participants who developed CVD, cancer, or COPD were censored at the time of these diagnoses.
GFR ANALYSES
While previous studies 13, 14 have demonstrated that cystatin C is more closely associated with incident heart failure and all-cause and cardiovascular-related mortality than estimated GFR, the association of estimated GFR with reduction in successful life years and incident disability (as previously defined) has not been evaluated. We, therefore, performed additional analyses evaluating whether estimated GFR is associated with reduction in successful life years and incident disability. These models adjusted for the same variables as the primary analyses. We calculated the es-timatedGFRfromserumcreatininebyusingthemodified4-variable version of the Modification of Diet in Renal Disease formula. 24 Creatinine was indirectly calibrated with the Cleveland Clinic laboratory-the core laboratory of the Modification of Diet in Renal Disease trial-as previously described. 25, 26 Results were considered statistically significant at PϽ.05. Statistical analyses were performed with commercially available software programs (SPSS 13.0. 
RESULTS
A total of 2140 participants had cystatin C measured and were free of CVD, cancer, COPD, cognitive impairment, and physical disability at the 1992 to 1993 visit of the CHS. The mean age of the cohort was 74 years, 38.0% were men, and 12.0% had diabetes mellitus. The mean (median) cystatin C, creatinine, and estimated GFR were 1.06 (1.02) mg/L, 0.93 (0.89) mg/dL, and 78 (76) mL/min/1.73 m 2 , respectively. (To convert creatinine to micromoles per liter, multiply by 88.4.)
Participants with higher cystatin C levels were more likely to be older and white and to have higher body mass index, fibrinogen, C-reactive protein, and insulin levels, a higher prevalence of electrocardiographic left ventricular hypertrophy, an AAI of 0.9 or less, and lower levels of high-density lipoprotein cholesterol and albumin ( Table 1) .
The mean (median) follow-up was 4.3 (5.2) years. A total of 873 participants reached a first event in followup: 138 (15.8%) because of cognitive impairment, 238 (27.3%) because of physical disability, 34 (3.9%) because of COPD, 146 (16.7%) because of cancer, and 317 (36.3%) because of CVD. Patients in the higher quartiles of cystatin C were more likely to develop CVD, physical disability, and cognitive impairment ( Table 2) .
In unadjusted analysis, each SD (0.26 mg/L) increase in cystatin C was associated with a 20% (95% confidence interval [CI], 16%-23%) (P Ͻ.001) reduction in successful life years. In adjusted analysis, this relationship was somewhat attenuated (11% reduction; 95% CI, 5%-16%) (PϽ.001) per standard deviation increase. Similarly, in unadjusted analysis, higher quartiles of cystatin C were associated with a progressive reduction in successful life years ( Table 3 ). The third and fourth quartiles of cystatin C were associated with a 25% and 27% reduction in successful life years, respectively (Table 3) , in adjusted analysis. The risk in the highest quartile of cystatin C was comparable to that of an AAI of less than 0.9, electrocardiographic left ventricular hypertrophy, prevalent diabetes mellitus, and current smoking and stronger than a 5-year increase in age and being male, African American, or obese.
Results of the spline analysis demonstrate a decrease in predicted successful life years as cystatin C increases (Figure) .
DISABILITY ANALYSIS
During follow-up, 238 persons developed physical disability and 138 developed cognitive impairment. In unadjusted analysis, the highest quartile of cystatin C was associated with an approximately 2-fold risk of incident disability ( Table 4 ). After multivariate adjustment, the upper 2 quartiles were each associated with an approximately 40% increase in risk of physical or cognitive disability compared with the lowest quartile. Abbreviations: AAI, ankle-arm index; BMI, body mass index (calculated as weight in kilograms divided by height in meters squared); CRP, C-reactive protein; ECG, electrocardiographic; FEV 1 , forced expiratory volume in the first second of expiration; GFR, glomerular filtration rate; HDL, high-density lipoprotein; LDL, low-density lipoprotein; LVH, left ventricular hypertrophy; MMSE, Mini-Mental State Examination. SI conversion factors: To convert albumin and hemoglobin to grams per liter, multiply by 10; creatinine to micromoles per liter, multiply by 88.4; CRP to nanomoles per liter, multiply by 9.524; cystatin C to nanomoles per liter, multiply by 75; fibrinogen to micromoles per liter, multiply by 0.0294; glucose to millimoles per liter, multiply by 0.0555; HDL, LDL, and total cholesterol to millimoles per liter, multiply by 0.0259; insulin to picomoles per liter, multiply by 6.945; and triglycerides to millimoles per liter, multiply by 0.0113. a Data are given as mean (SD) unless otherwise indicated. b Data are given as number (percentage) of each group. c Data are given as median (interquartile range).
ANALYSIS USING ESTIMATED GFR
Glomerular filtration rate quartiles (1-4) were as follows: greater than 88.8, 76.4 to 88.8, 65.8 to 76.3, and less than 65.8 mL/min/1.73 m 2 , respectively. In adjusted analyses, in comparison with the first quartile, the second, third, and fourth quartiles were associated with an 8% increase (95% CI, − 10% to 30%; P = .40), a 9% increase (95% CI, − 9% to 30%; P = .36), and a 16% decrease (95% CI, − 29% to 0%; P = .05), respectively, in successful life years. In the disability analysis, the second, third, and fourth quartiles were associated with a 0.90 (95% CI, 0.65-1.23; P = .49), 0.68 (95% CI, 0.49-0.94; P = .02), and 0.94 (95% CI, 0.68-1.29; P = .69) hazard of reaching the composite end point.
COMMENT
The results of this analysis suggest that cystatin C is associated with aging success and should be added to the list of risk factors for unsuccessful aging in older adults.
The risk in the highest quartile of cystatin C was as strongly associated with unsuccessful aging as a decreased AAI, left ventricular hypertrophy, or prevalent diabetes mellitus, and demonstrated a stronger association than a history of hypertension, an increase in age of 5 years, and all the other potential covariates considered in the analysis. These results may have implications for defining patients at high risk for unsuccessful aging and investigating methods to delay the progress of unsuccessful aging. A prior study 3 from CHS identified behavioral factors (physical inactivity and smoking), CVD risk factors (diabetes mellitus, low high-density lipoprotein cholesterol, and higher blood pressure), and subclinical CVD (low AAI) as risk factors for unsuccessful aging. Another study 2 from CHS with similar methods as the present analysis emphasized the importance of noninvasive measures of subclinical CVD to unsuccessful aging. Our study adds to this literature by identifying kidney dysfunction as one of the more important factors associated with unsuccessful aging. As in prior studies 13, 14 from CHS, we noted that cystatin C was more strongly associated with outcomes than estimated GFR. This likely reflects the fact that a low creatinine level may reflect either good kidney function or decreased muscle mass, the latter being a marker of malnutrition.
The exact mechanism through which kidney function promotes unsuccessful aging cannot be evaluated by this study, although the following are possibilities. First, kidney dysfunction may be a marker of poor health and may reflect the severity of subclinical vascular disease and the cumulative effects of cardiovascular risk factors, such as hypertension. 27 Second, kidney function may mediate an increase in other risk factors for aging, such as anemia, insulin resistance, and inflammation. 6, [28] [29] [30] [31] [32] [33] [34] Third, kidney dysfunction may have direct links to unsuccessful .007
Abbreviations: AAI, ankle-arm index; BMI, body mass index (calculated as weight in kilograms divided by height in meters squared); LVH, left ventricular hypertrophy; NA, data not applicable. SI conversion factor: To convert cystatin C to nanomoles per liter, multiply by 75.
a Adjusted for C-reactive protein level, hemoglobin level, Mini-Mental State Examination score, common and internal carotid intima-media thickness, and forced expiratory volume in the first second of expiration in addition to the other variables mentioned. Variables from Table 1 did not change the cystatin C coefficient by 5% and are, therefore, not presented. In addition, no other variables in Table1 were significantly associated with a reduction in successful life years. aging as a result of inadequate glomerular filtration. For example, salt retention may promote hypertension, while phosphate retention may result in decreased compliance and vascular remodeling of the large blood vessels.
There are potential implications of these results. First, kidney function, even in a range that may be considered normal for aging, should be recognized as one of the major factors associated with unsuccessful aging in older adults. For example, the mean creatinine level and estimated GFR were 0.93 mg/dL and 78 mL /min/1.73 m 2 , respectively, values that in general would not be considered abnormal in older adults. One could, therefore, hypothesize that any increase in cystatin C reflects an erosion of kidney reserve and kidney reserve is essential for successful aging. Second, one could investigate whether individuals with higher cystatin C levels may be a subgroup in whom efforts to prevent unsuccessful aging should be focused. Third, it may be reasonable to evaluate whether methods to slow decline in kidney function (eg, tight blood pressure control or use of angiotensinconverting enzyme inhibitors and angiotensin receptor blockers) promote successful aging.
There are several strengths of this analysis. These include a large community-based cohort of older adults with detailed ascertainment of risk factors and each of the outcomes and measures used to define successful aging. We have also used a statistical approach that allows meaningful interpretation and comparison of risk factors in terms of reduction in successful life years. Finally, to our knowledge, this is the first study to evaluate the relationship between cystatin C, a novel measure of kidney function, and the broad outcome of successful aging.
There are also several limitations. We acknowledge that cystatin C could potentially reflect another pathological process in addition to kidney function, although several studies [9] [10] [11] [12] have suggested that cystatin C is primarily a measure of kidney function. We also acknowledge that use of International Classification of Diseases, Ninth Revision (ICD-9), codes to define cancer and COPD outcomes may result in biases that could either overestimate or underestimate the association of cystatin C with these outcomes. Because this is an observational study, our results can only demonstrate associations rather than imply causation. The present analysis is based on a single measurement of cystatin C made late in life, and it is possible that change in cystatin C may be a better predictor of successful aging. Finally, although the Food and Drug Administration has approved cystatin C as a measure of kidney function, this test is not yet widely available and has not yet been standardized across laboratories.
In summary, cystatin C is associated with unsuccessful aging in older adults. Future studies in other elderly cohorts should evaluate whether cystatin C improves identification of high-risk older adults and whether interventions that reduce kidney function decline will translate into improved rates of aging success. Abbreviations: See Table 3 . SI conversion factor: To convert cystatin C to nanomoles per liter, multiply by 75.
a Adjusted for C-reactive protein level, hemoglobin level, Mini-Mental State Examination score, common carotid intima-media thickness, internal carotid intima-media thickness, and forced expiratory volume in the first second of expiration in addition to the other variables mentioned. Variables from Table 1 did not change the cystatin C coefficient by 5% and are, therefore, not included.
